Glacial Earthquakes
Göran Ekström, 1 * Meredith Nettles, 1 Geoffrey A. Abers 2 We have detected dozens of previously unknown, moderate earthquakes beneath large glaciers. The seismic radiation from these earthquakes is depleted at high frequencies, explaining their nondetection by traditional methods. Inverse modeling of the longperiod seismic waveforms from the best-recorded earthquake, in southern Alaska, shows that the seismic source is well represented by stick-slip, downhill sliding of a glacial ice mass. The duration of sliding in the Alaska earthquake is 30 to 60 seconds, about 15 to 30 times longer than for a regular tectonic earthquake of similar magnitude.
Most earthquakes follow a simple scaling relationship such that the duration of fault movement is proportional to 10
, where M is the earthquake moment magnitude. The typical duration of an M ϭ 5 earthquake is 2 s, and an M ϭ 7 earthquake, 20 s. The short duration of seismic energy release leads to efficient radiation of high-frequency (f ϳ 1 Hz) seismic waves, and first-arriving, high-frequency P waves are traditionally used to detect and locate seismic events. Earthquakes with durations much longer than normal radiate less energy at the frequencies used for earthquake monitoring and may go undetected.
Earthquakes with durations of thousands of seconds cannot be detected by seismometers because they do not generate elastic waves. Such earthquakes have, however, been detected geodetically (1) (2) (3) (4) (5) . Very-long-period (1 to 10 mHz) seismic data have been used in attempts to detect and locate moderate and large (M Ն 5.0) earthquakes with durations of tens to hundreds of seconds, with ambiguous results (6) (7) (8) .
Here, we use a recently developed method (9) to detect and locate sources of long-period seismic surface waves on a global scale. The detection and location algorithm has its basis in standard array-processing techniques. Verticalcomponent seismograms from about 100 seismometers around the world are filtered between 35-and 150-s period and phase adjusted to correct for Rayleigh wave propagation delays from a given test location to each station. Any Rayleigh wave signal emanating from the test location will then be in phase across the stations of the global array, and the signals can be analyzed for the simultaneous presence of coherent energy ( fig. S1 ). Continuous seismic data are analyzed for detections on a dense grid of test locations covering the surface of the Earth (10) .
Application of the algorithm to 3 years of data, 1999 to 2001, has led to the detection and location of 7292 events. The smallest earthquake detected has an estimated magnitude (11) Hemisphere, where it is known that traditional detection methods occasionally fail to detect regular M ϳ 5 earthquakes (7, 12) . Of the remaining earthquakes, 46 are located in glaciated areas. Forty-two of the earthquakes of 4.6 Յ M Յ 5.0 are located beneath Greenland (Fig. 1, table S1 ), an area otherwise known for its low level of seismicity (13) . One earthquake is located in the Denali range, Alaska (Fig. 2) , and three earthquakes are located on the Antarctic coast.
The Alaska earthquake (M ϭ 5.0) occurred within the regional Alaska Seismographic Network, which in this area normally detects and reports earthquakes of much smaller magnitudes, often below M ϭ 1.0. In addition to being recorded well at globally distributed stations at teleseismic distances, the earthquake was serendipitously recorded by instruments of the BEAAR (Broadband Experiment Across the Alaska Range) experiment (14) , a temporary deployment of PASSCAL (Program for Array Seismic Studies of the Continental Lithosphere) broadband seismometers. These data provided an opportunity to investigate the source characteristics of one of the previously undetected glacial earthquakes in greater detail.
Short-period seismograms for the Alaska earthquake recorded at the BEAAR array have unusually small amplitudes. At a distance of 200 km from the epicenter, the maximum shortperiod amplitude is only 5% of that of a regular M ϭ 4.2 earthquake (Fig. 3) . Long-period seismograms for the glacial event have large amplitudes and show a complex, low-frequency surface-wave arrival, indicating a source-process time of tens of seconds.
The long-period data from the BEAAR array were used together with long-period surface waves from the global network to model the seismic source. We initially used the Harvard centroid-moment-tensor (CMT) method (15, 16) to invert for a standard moment-tensor source. These inversions failed to fit the phase of the Rayleigh and Love waves for the nine closest-in stations and did not result in a stable centroid location. We concluded that a moment tensor, the standard physical model for earthquake sources, was inadequate to represent the forces active in this earthquake.
Our inability to model the waveforms satisfactorily with a standard, faulting source model, together with the direct association of the new earthquakes with major glaciers, led us to consider alternative models. The longperiod seismic signals from large landslides have been successfully modeled with single forces (17, 18) . When a slide initiates, the ground beneath the sliding mass rebounds elastically up-dip as the sliding mass gains momentum in the opposite direction. At the end of the sliding episode, the sliding mass loses momentum, and a frictional force is again applied to the underlying ground in the down-dip sliding direction. We formalize the inversion for this class of sources following Kawakatsu (18) and parameterize our inversion in terms of a centroid single force (CSF).
The CSF inversion leads to a stable result and a better fit of the synthetic seismograms to the data than that achieved with the CMT inversion (19) . In particular, the phase of the Rayleigh and Love waves is well predicted by the CSF source. At a few stations located nearly perpendicular to the sliding direction, the nearly nodal Rayleigh waves have a minor phase shift with respect to the model predictions. This may be caused by a number of factors, including a spatially extended source, a small change in sliding direction during the event, or refraction of the Rayleigh wave as it travels along the Denali range and the deeper, subducted slab.
The CSF analysis results in an improved estimate of the location of the long-period source and the geometry and magnitude of the active forces. The seismograms provide good constraints on a location at 62.66°N and 152.43°W. This location agrees with an estimate obtained from polarization analysis of Rayleigh waves and with short-period P-wave arrival times at the four closest stations. We estimate the uncertainty in the CSF location to be 15 to 30 km. The seismic location is only ϳ15 km west of the Dall glacier, and we therefore believe that the earthquake is likely to be associated with this glacier. The geometry of the CSF corresponds to a sliding azimuth of 138°, consistent with the down-slope direction of the Dall glacial valley (Fig. 2) . The down-dip slope of the sliding motion is 9°, somewhat steeper than the glacial valley. This quantity is less well constrained than the azimuth, and a horizontal CSF fits the data nearly as well.
The CSF analysis yields an estimate of the twice-time-integrated active force couple, which in the mass-sliding model can be interpreted as the product of mass and distance (18) . For the Dall glacier event, the value of this parameter is 1.3 ϫ 10 14 kg m, corresponding to, for example, the displacement of 10 km 3 of ice by 13 m. We are, however, not able to place independent constraints on mass or distance, so movements of larger or smaller masses over shorter or longer distances are equally consistent with our results. The difference between the earthquake origin time determined from the short-period seismograms and the centroid time is 26 s. Examination of the local long-period seismograms and visual comparison with synthetic waveforms generated for different source durations indicate that the earthquake duration was longer than 30 s and shorter than 60 s. We used a source-process time of 40 s in the inverse modeling of the waveforms. The derived source parameters are not sensitive to the duration within the range 30 to 60 s.
Examination of several of the newly detected earthquakes beneath Greenland (Fig. 1) indicates that they are analogous to the Dall glacier earthquake, and we infer that they are examples of a previously unknown class of earthquake associated with rapid mass movement in glaciers. We speculate that the dynamics of the seismic events are controlled by stick-slip motion of the glacier along its basal surface and that the phenomenon involves the displacement of a large mass over a relatively short distance. Microearthquakes occur in association with glaciers (20, 21) , and some have been linked to sliding motion on so-called sticky spots (22) (23) (24) , which represent patches of resistance to slip along the glacier base. Rapid variations in pore pressure at the glacier base (25) or the nonlinear weakening of a deforming till (26) may generate conditions for rapid lowering of the effective friction, growth of a slipping patch, and sudden large-scale motion of the glacier. Whether the newly detected earthquakes belong to a distribution of glacial slip events with well-defined size-duration and size-frequency relationships remains an open question.
A seasonal variation in the frequency of glacial earthquakes on Greenland is seen in the data (table S1), with fewer events occurring from January to March than during the rest of the year. The small number of earthquakes detected on Antarctica as compared with Greenland also suggests that climate influences the conditions necessary to cause or trigger glacial earthquakes. Surface melting, which is widespread in Greenland during the summer (27) , is likely to cause increased water pressure at the base of the glacier (28) It is now widely accepted that the increased combustion of fossil fuels since the industrialization of the Western world has led to unprecedented changes in the chemical composition of Earth's atmosphere, with multiple consequences for regional air quality and the global climate system (1, 2) . For example, despite efforts in several countries to control emissions from car exhaust and stationary sources, the hemispheric background concentrations of tropospheric ozone did not decline after 1985, when catalytic converters were introduced in the United States and Europe (3, 4) . On the contrary, many regions in the world have observed a serious degradation of air quality over the past decade, due to increased motorized traffic and industrial emissions (5). 
